Naturally occurring Newcastle disease virus (NDV) strains vary greatly in virulence. The presence of multibasic residues at the proteolytic cleavage site of the fusion (F) protein has been shown to be a primary determinant differentiating virulent versus avirulent strains. However, there is wide variation in virulence among virulent strains. There also are examples of incongruity between cleavage site sequence and virulence. These observations suggest that additional viral factors contribute to virulence. In this study, we evaluated the contribution of each viral gene to virulence individually and in different combinations by exchanging genes between velogenic (highly virulent) strain GB Texas (GBT) and mesogenic (moderately virulent) strain Beaudette C (BC). These two strains are phylogenetically closely related, and their F proteins contain identical cleavage site sequences, 112 RRQKR2F
N
ewcastle disease (ND) is an important cause of poultry disease worldwide that frequently is fatal and accounts for severe economic losses (1, 2) . The causative agent, Newcastle disease virus (NDV), can infect a majority of the avian species in the class Aves and has been isolated from domesticated birds, wild birds, and waterfowl worldwide. NDV strains show a wide spectrum of virulence that varyies from inapparent infection to severe systemic disease resulting in 100% mortality. Based on the severity of disease in chickens, NDV strains are grouped into lentogenic, mesogenic, and velogenic pathotypes, representing low, moderate, and high virulence, respectively (1) (2) (3) .
NDV is a pleomorphic, enveloped, cytoplasmic virus containing a single-stranded negative-sense RNA genome. NDV belongs to the genus Avulavirus in the subfamily Paramyxovirinae in the family Paramyxoviridae (4, 5) . Three genome-size categories have been identified, with lengths of 15,186, 15,192, and 15,198 nucleotides (nt) (6) (7) (8) (9) (10) . The genome contains six genes that are flanked at the 3= and 5= termini by short extragenic leader and trailer regions, with the following gene order: 3= leader-N-P-M-F-HN-L-5= trailer. The genes code for, respectively, the nucleocapsid protein (N), phosphoprotein (P), matrix protein (M), fusion glycoprotein (F), hemagglutinin-neuraminidase glycoprotein (HN), and large polymerase protein (L). The P gene also codes for an additional protein called V from a second open reading frame that is accessed by a cotranscriptional frameshifting mechanism known as RNA editing (11) . All NDV strains belong to a single serotype but are segregated into class I, containing a single genotype, and class II, containing at least 18 genotypes, I to XVIII. Class I strains are usually avirulent, whereas class II strains include representatives of all pathotypes (6) (7) (8) (9) (10) .
Our understanding of the viral factors responsible for NDV virulence and pathogenicity is incomplete. The amino acid sequence at the F protein cleavage site has been identified as a primary determinant of NDV virulence that usually differentiates virulent strains from avirulent strains (12) (13) (14) (15) . Virulent NDV strains typically have multiple basic residues and include the cleavage motif (Arg-X-Arg/Lys-Arg2), which is optimal for the intracellular protease furin that is present in most cell types. In contrast, the F protein cleavage site of avirulent NDV strains typically contains fewer basic residues, lacks the furin motif, and is cleaved at a single basic residue by extracellular protease present in secretions of the respiratory and enteric tracts. The presence of the furin motif at the F protein cleavage site of virulent strains confers the ability to replicate in a wide variety of tissues, whereas the dependence of avirulent strains on extracellular secretory protease restricts viral replication to the respiratory and enteric tracts. However, NDV strains that contain identical F protein cleavage sites sometimes can differ substantially in virulence. For example, strains GB Texas (GBT) and Beaudette C (BC) have identical F protein cleavage sites ( 112 RRQKR2F 117 ), but GBT is a velogenic strain and BC is a mesogenic strain. Also, in some cases the structure of the cleavage site does not predict the pathotype. For example, there are strains of NDV that have lentogenic cleavage site motifs but that are highly virulent in chickens (16) , as well as strains with velogenic motifs that do not appear to cause disease (17) . These observations suggest that viral factors other than the F protein cleavage site contribute to the differences in virulence of NDV strains.
Several studies have been conducted to investigate the contributions of individual viral genes to NDV virulence by exchanging genes between strains (18) (19) (20) (21) (22) (23) . Although those studies have increased our understanding of NDV virulence, the results have not been consistent or conclusive. One limitation is that these studies involved strain comparisons that were made based on the available reverse genetic systems rather than ideal comparisons, and thus they were carried out between NDV strains that may have been too divergent genetically or biologically to be compatible for gene swaps. For example, genes were exchanged between lentogenic and mesogenic strains (23) , or between strains of chicken origin versus pigeon origin (18, 19) , or of turkey origin versus game fowl origin (21) , or between NDV and the heterologous avian paramyxovirus serotype 2 (APMV-2) (20) , or between two phylogenetically distantly related strains (18, 19, 21, 22) . Therefore, it was unclear whether the observed effects of the gene swaps reflected genuine virulence determinant differences versus incompatibility due to excessive biological or phylogenetic divergence. Another limitation was that previous studies did not directly compare the contributions of the viral proteins that are associated with the viral envelope versus those that are associated with the nucleocapsid and polymerase complex.
In the present report, we conducted a systematic study of NDV virulence and pathogenesis by exchanging the full repertoire of viral genes, individually and in a number of combinations, between the two NDV strains noted above, mesogenic BC and velogenic GBT. These two strains are well-suited for this study. They are closely related phylogenetically, and both viruses belong to genotype II of class II. They have identical genome lengths of 15,186 nt. They share 99.1% genome-wide nucleotide sequence identity, and the amino acid sequence identity between the respective proteins of these two strains is 99.8% for N, 98.7% for P, 98.9% for M, 98.6% for F, 98.1% for HN, and 99.4% for L. The two strains are of chicken origin, and both viruses were isolated in the United States in the late 1940s. Importantly, as already noted, they contain identical multibasic F protein cleavage site sequences with the furin motif. However, the two strains differ greatly in virulence and pathogenesis: BC causes mild clinical illness in young chickens and rarely fatal disease in older chickens, whereas GBT is a highly virulent virus with a pronounced neurological tropism, is associated with 100% mortality in older chickens, and is used as a standard challenge virus in the United States.
For this study, we constructed de novo reverse genetic systems for the two strains in which each of the two antigenomic cDNAs had the same array of unique restriction sites located at the same nucleotide sequence positions flanking each gene, so that each gene could be exchanged using the same restriction sites and involving exactly the same genome coordinates. We examined the contributions to NDV virulence of the envelope-associated protein genes (M, F, and HN) individually and in combination, as well as the polymerase-associated protein genes (N, P, and L) individually and in combination, as well as the extragenic trailer region (the leader region was not swapped, because it is identical in the two strains). A total of 20 chimeric viruses, plus the two parent strains, was constructed and recovered. In vitro, we analyzed virus replication, plaque formation, and fusogenicity. In vivo, we performed the standard intracerebral pathogenicity index (ICPI) test in 1-day-old chicks, and we performed natural infection in 2-week-old chickens in which viral load, clinical disease signs, histopathology, and lethality were examined. Our results showed that both the envelope-associated proteins and polymerase-associated proteins contribute to the virulence of NDV, with the former playing the greater role. The F and L proteins were the major individual contributors to the difference in virulence between recombinant BC (rBC) and rGBT.
MATERIALS AND METHODS

Cells and viruses.
A chicken embryo fibroblast cell line (DF-1), an African green monkey kidney cell line (Vero), and a human epidermoid carcinoma cell line (HEp-2) were obtained from the American Type Culture Collection (ATCC, Manassas, VA). The cell lines were grown in Dulbecco's minimal essential medium (DMEM) with 10% fetal bovine serum (FBS) and maintained in DMEM with 2% FBS. The velogenic virulent strain GBT and the mesogenic strain BC were obtained from the National Veterinary Services Laboratory (NVSL), Ames, IA. The modified vaccinia virus strain Ankara (MVA) expressing T7 RNA polymerase was kindly provided by Bernard Moss (NIH, Bethesda, MD) and propagated in primary chicken embryo fibroblast cells in DMEM with 2% FBS. The NDV strains BC and GBT and their recombinant derivatives were grown in 9-day-old embryonated specific-pathogen-free (SPF) chicken eggs. Viral titers in harvested allantoic fluid were determined by plaque assay. Briefly, samples were serially diluted, and 100 l of each serial dilution was added per well to confluent DF-1 cells in 12-well plates. After 60 min of adsorption, cells were overlaid with DMEM (containing 2% FBS and 0.81% methylcellulose) and then incubated at 37°C for 4 days. The cells were then fixed with absolute methanol and stained with 1% crystal violet for observation of plaques.
All in vitro and in vivo studies were conducted in an enhanced biosafety level 3 (BSL-3ϩ) containment facility certified by the USDA following the guidelines of the IACUC, University of Maryland.
Plasmid construction, transfection, virus rescue, and sequence analysis. Full-length antigenomic cDNA clones of NDV strains BC and GBT were constructed from eight fragments that were made by reverse transcription-PCR (RT-PCR) of RNA that had been purified from allantoic fluid from infected eggs. The primer sequences used for the RT-PCR and for the cloning of antigenomic cDNA of NDV strains BC and GBT is available on request. The antigenome cDNAs were designed so that the leader region was preceded by a T7 RNA polymerase promoter that added three G residues to the 5= end of the antigenome, and the trailer region was flanked by a hepatitis delta virus ribozyme that cleaved following the last NDV-specific residue. Each antigenome and its flanking sequences were designed to have the following nine restriction sites placed at identical positions ( Fig. 1) : AscI, located in the flanking plasmid sequence upstream of the T7 promoter; PacI, PmeI, AsiSI, AgeI, and SnaBI, located in the downstream noncoding region of the N, P, M, F, and HN gene, respectively; BstBI and MluI, located within the L open reading frame (ORF); RsrII, located in the flanking ribozyme sequence downstream of the trailer region. Of the seven sites in the NDV sequence, the AgeI site occurred naturally in each virus; the others were introduced during RT-PCR. In addition, a naturally occurring RsrII site in the P ORF was eliminated without changing amino acid coding in order for the RsrII site in the ribozyme to be unique. These changes were the same in each of the two NDV strains and are summarized in Table 1 ; they involved 16 nt changes and no amino acid changes. The BC and GBT antigenome cDNAs were completely sequenced and were confirmed to be identical to the biological viruses, except for these 16 nt changes.
The N, P, M, F, HN, and L genes were reciprocally exchanged between the BC and GBT antigenome cDNAs by using the nine restriction enzyme (RE) sites noted above (Fig. 1) . The extragenic leader sequences were identical in BC and GBT and hence were not exchanged between the two strains. The extragenic trailer sequence was constructed using overlap PCR and cloned using the MluI and RsrII sites. NDV strain BC has 7 U residues in the gene end (GE) signals of the N and L genes, compared to 6 U residues for strain GBT. Since we did not know the significance of GE length differences in pathogenesis, we exchanged the N and L genes together with their matching GE sequences. In the case of the N gene, the PacI site used in the gene exchange is upstream of the N GE signal. Therefore, after exchange of the N gene, we also modified the fragment containing the P gene by subcloning and primer mutagenesis in order to incorporate the strain-specific N GE signal. In the case of the L gene, the MluI-RsrII fragment was subcloned and mutagenized to incorporate the correct L GE signal. The other gene start (GS) and GE signals were identical between the two strains.
The recombinant parental and chimeric viruses were recovered in HEp-2 cells by using MVA-T7 as a source of T7 polymerase (26) . Viruses were subjected to five passages in 9-day-old SPF chicken embryos. From the fifth passage, total RNA was isolated using an RNeasy RNA purification kit (Invitrogen, Life Technologies, Grand Island, NY). The rBC and rGBT parents were completely sequenced, and chimeric derivatives were sequenced over the swapped genes and flanking sequences. No adventitious mutations were detected. These passage 5 virus stocks were used in the experiments.
Virus growth kinetics. The growth kinetics of rBC and rGBT and their mutant viruses were determined under multiple-cycle growth conditions in DF-1 cells. The virus was inoculated at a multiplicity of infection (MOI) of 0.01 PFU into DF-1 cells grown in DMEM with 10% FBS at 37°C. The supernatant was collected at 8-h intervals and replaced by equal volumes of fresh medium until 64 h postinfection. The virus content in the samples was quantified via limiting dilution on DF-1 cells by using the method of Reed and Muench (24) and expressed as the 50% tissue culture infective dose (TCID 50 ).
Fusion index assay. The fusogenic abilities of the chimeras involving the envelope-associated protein genes, M, F, HN, F plus HN (FϩHN), and M plus F plus HN (MϩFϩHN), were evaluated by the fusion index assay described by Kohn (25) . Virus was inoculated onto confluent Vero cells in 6-well plates at an MOI of 0.1 PFU. Cells were maintained in 2% DMEM at 37°C under 5% CO 2 . At 36 h postinfection, the medium was removed and cells were fixed with methanol for 20 min at room temperature and stained with hematoxylin-eosin (Hema 3; Thermo Fisher Scientific Inc., Rockville, MD). Nuclei and cells were counted in eight microscope fields in each of three replicate wells per virus. The fusion index was calculated as the ratio of the number of nuclei to the number of cells and was normalized to the parent virus, rBC or rGBT, set as 100.
ICPI test in 1-day-old chicks. Following standard procedures (3), 0.05 ml of a 10 Ϫ1 dilution of fresh allantoic fluid (2 9 hemagglutination [HA] units) of each virus/chicken was inoculated intracerebrally into 10 1-day-old SPF chicks per virus. The birds were observed for clinical signs and mortality once every 12 h for 8 days. ICPI values were calculated as described by Alexander (3) . Briefly, the birds were scored 0 if normal, 1 if sick, and 2 if dead. The ICPI value was the mean score per bird per observation. Highly virulent (velogenic) viruses give values approaching 2; avirulent (lentogenic) viruses give values close to 0.
Pathogenicity in 2-week-old chickens, virus titration, and histopathology. Two-week-old SPF chickens in groups of 12 were inoculated with 0.2 ml containing 10 6 PFU of virus per bird by the oculonasal route. The birds were observed daily and scored for clinical signs for 14 days postinfection (dpi). Two birds from each group were euthanized at 3 dpi, and lung, trachea, spleen, brain, and intestine were collected in two parts. One part was used for virus titration and other part was fixed in 10% buffered formalin for histopathology. For virus titration, the tissue samples were homogenized and the supernatant was serially 10-fold diluted and used to infect DF-1 cells, with duplicate wells per dilution. Infected wells were identified by HA assay of the supernatant, and the TCID 50 /g of tissue was calculated using the method of Reed and Muench (24) . For histopathology, tissue samples were fixed in 10% neutral buffered formalin. The fixed tissues were sectioned and stained with hematoxylin-eosin (Histoserv Inc., Germantown, MD). The tissue sections were scored for the histopathological changes. The remaining 10 chickens in each virus group were given daily clinical scores: 0 for normal, 1 for sick, 2 for paralysis/twitching/wing drop, 3 for prostration, and 4 for death, with scores taken daily until 14 dpi. A mean score per virus group per day was generated for comparisons. Survival was monitored until 14 dpi.
Statistical analysis. The survival patterns and median survival times were compared using the log-rank test and chi-square statistics. In the log-rank test, survival curves compare the cumulative probability of survival at any specific time, and the assumption of proportional deaths per time is the same at all time points. Survival data and one-way analysis of variance were used within the Prism 5.0 program (GraphPad Software Inc., San Diego, CA) with a significance level of P Ͻ 0.05. Error bars in the data from virus growth kinetics, fusion index assay, and virus titration indicate standard errors of the means, and a two-tailed, unpaired t test was used to calculate the P value to test the level of significance between two data sets.
RESULTS
Recovery of recombinant NDV strains rBC and rGBT and their chimeric viruses.
We made reverse genetic systems for the mesogenic NDV strain BC and the velogenic NDV strain GBT in which the two antigenomic cDNAs were constructed using matched unique restriction sites placed in identical genome locations flanking the viral genes, within the L gene and flanking both ends of the antigenome (Fig. 1) . The unique AgeI site occurred naturally in the NDV sequences; the unique PacI, PmeI, AsiSI, SnaBI, BstBI, and MluI sites were added to the antigenome during construction, and an existing RsrII site in the P ORF was removed (Materials and Methods) ( Table 1) . These changes involved a total of 16 nt substitutions in the antigenome with no amino acid changes, compared to the corresponding biological viruses (Table 1) . We recovered the wild-type cDNA-derived rBC and rGBT viruses and completely sequenced each genome, which confirmed a lack of adventitious mutations. Next, we evaluated the virulence of rBC and rGBT by performing ICPI tests in 1-day-old chicks. The ICPI values of rBC and rGBT were 1.58 and 1.91, respectively, whereas those of biological BC and GBT were 1.6 and 1.9, respectively (data not shown). These results showed that the cDNA-derived strains rBC and rGBT were equivalent in virulence to their biological parents and, in particular, the creation of six new restriction sites and the elimination of another did not alter their pathogenicity.
We then used the matched restriction sites to make reciprocal gene swaps between the parental rBC and rGBT strains, resulting in 20 chimeric viruses, which are shown in Fig. 1 . The top five chimeric viruses in Fig. 1 were derivatives of strain rBC in which the envelope-associated protein genes M, F, HN, FϩHN, and MϩFϩHN were replaced with those of strain rGBT. The next five chimeras in Fig. 1 were the converse: specifically, they were derivatives of strain rGBT in which the M, F, HN, FϩHN, and MϩFϩHN genes were replaced with those of strain rBC. The next five viruses were derivatives of strain rBC in which the polymer- ase-associated protein genes N, P, L, and N plus P plus L (NϩPϩL) and the trailer were replaced with those of strain rGBT (the leader region is identical between the two strains and thus could not be exchanged). Finally, the bottom five viruses in Fig. 1 were the converse: they were derivatives of strain rGBT in which the N, P, L, and NϩPϩL genes and the trailer were replaced with those of strain rBC. Each of the 20 chimeras was readily recovered and was passaged five times in embryonated eggs. To confirm the presence and integrity of the exchanged genes, they were amplified by RT-PCR and sequenced, which confirmed the correct structure of each swap and a lack of adventitious mutations.
In vitro biological activities of recombinant chimeric viruses. We investigated whether the exchange of genes between rBC and rGBT affected growth, plaque formation, and fusion activity in cell culture. The growth kinetics of rBC and rGBT and their chimeric derivatives were determined in DF-1 cells infected at an MOI of 0.01 PFU (Fig. 2) . Between the parental viruses, rGBT showed early initiation of cytopathic effects (data not shown) and faster growth kinetics ( Fig. 2a and c ) than rBC.
For the rBC derivatives bearing rGBT-derived envelope-associated protein genes, those bearing the rGBT F gene alone or in the combination of FϩHN had increased replication compared to parental rBC ( Fig. 2a and b; see Table 2 for an overview of the biological properties of the chimeras). At 24 h postinfection (during the period of exponential replication), the two chimeras with the most increased replication were rBC-GBT(FϩHN) (Fig. 2b) followed by rBC-GBT(F) (Fig. 2a) , which had titers of 8.6 ϫ 10 8 TCID 50 and 7.8 ϫ 10 7 TCID 50 , respectively, compared to 6.7 ϫ 10 6 TCID 50 for rBC. The rBC chimera with all three envelope proteins derived from rGBT, rBC-GBT(MϩFϩHN), had growth kinetics that were similar to those of rBC at 24 h but achieved final titers at 48 to 64 h that were greater than those of rBC (Fig. 2b) . In contrast, replication of rBC-GBT(M) and rBC-GBT(HN) was indistinguishable from that of parental rBC (Fig. 2a) .
For the rGBT derivatives bearing rBC-derived envelope-associated protein genes, those bearing the rBC F gene alone or in the combinations FϩHN and MϩFϩHN had decreased replication compared to rGBT ( Fig. 2c and d) . In contrast, replication of rGBT-BC(M) and rGBT-BC(HN) was indistinguishable from that of parental rGBT (Fig. 2c) .
Thus, transfer of the F gene from the velogenic rGBT strain into the mesogenic rBC strain increased the replication of rBC, and conversely, transfer of the F gene from the mesogenic rBC strain into the velogenic rGBT strain decreased the replication of rGBT. This indicated that, among the envelope-associated proteins, the F protein plays the major role in determining the level of growth of NDV in vitro.
For the rBC derivatives bearing the polymerase-associated protein genes or the trailer from rGBT, transfer of the L gene alone, as in rBC-GBT(L), or in combination with N and P, as in rBC-GBT(NϩPϩL), resulted in increased growth ( Fig. 2e and f) . The combination of the three genes, NϩPϩL, had a greater effect than L alone. Transfer of the rGBT trailer into rBC had no effect on replication (Fig. 2f) . Conversely, transfer of any of the polymerase-associated protein genes or the trailer from rBC into rGBT resulted in a modest reduction in replication, with the effect among the individual components being greatest for the L gene ( Fig. 2g and h ). The effect was even greater when N, P, and L were transferred together (Fig. 2h) . These results indicated that, among the polymerase-associated proteins, the L protein has the greatest effect on modulating the level of growth of NDV and that this effect is enhanced by the homologous N and P proteins.
We also evaluated growth by measuring the plaque sizes of the chimeric viruses on DF-1 cell monolayers in comparison with those of their parental viruses (Fig. 3) . For the rBC derivatives bearing the envelope-associated protein genes of rGBT, the plaque sizes (diameters, in mm) were as follows: rBC, 1.55 Ϯ 0.06; rBC-GBT(M), 1.54 Ϯ 0.12; rBC-GBT(F), 2.08 Ϯ 0.18; rBC-GBT(HN), 1.71 Ϯ 0.13; rBC-GBT(FϩHN), 1.85 Ϯ 0.13; rBC-GBT (MϩFϩHN), 2.32 Ϯ 0.32 (Fig. 3a) . Thus, transfer of the rGBT F gene had the greatest effect among the individual M, F, and HN genes, and the effect was greater when F was transferred together with the homologous M and HN genes. Conversely, for the rGBT derivatives bearing the envelope-associated protein genes of rBC, the plaque sizes (diameters, in mm) were as follows: rGBT, 2.06 Ϯ 0.14; rGBT-BC(M), 1.73 Ϯ 0.07; rGBT-BC(F), 1.95 Ϯ 0.08; rGBT-BC(HN), 2.28 Ϯ 0.25; rGBT-BC(FϩHN), 1.67 Ϯ 0.05; rGBT-BC(MϩFϩHN), 1.77 Ϯ 0.07 (Fig. 3a) . In this case, transfer of the rBC M gene had the greatest effect among the individual genes, followed by the F gene, and the effect of F was increased when transferred in the combination FϩHN or MϩFϩHN.
For rBC derivatives bearing the polymerase-associated protein genes or the trailer of rGBT, the plaque sizes (diameters, in mm) were as follows: rBC, 1.73 Ϯ 0.17; rBC-GBT(N), 1.44 Ϯ 0.09; rBC-GBT(P), 1.4 Ϯ 0.07; rBC-GBT(L), 1.43 Ϯ 0.13; rBC-GBT(NϩPϩL), 2.01 Ϯ 0.11; rBC-GBT(Tr), 1.4 Ϯ 0.18 (Fig. 3b) . This showed that transfer of the individual rGBT components into rBC did not increase plaque size, but transfer of NϩPϩL did. For rGBT derivatives bearing the polymerase-associated protein genes or trailer of rBC, the plaque sizes (diameters, in mm) were as follows: rGBT, 2.19 Ϯ 0.1; rGBT-BC(N), 1.99 Ϯ 0.23; rGBT-BC(P), 2.2 Ϯ 0.12; rGBT-BC(L), 1.58 Ϯ 0.16; rGBT-BC(Nϩ PϩL), 1.34 Ϯ 0.08; rGBT-BC(Tr), 2.12 Ϯ 0.09 (Fig. 3b) . This showed that transfer of the rBC L gene had the greatest effect among the individual components, and this effect was greater when the L gene was transferred with its homologous N and P genes.
The cell fusion activities of the recombinant chimeric viruses were determined by infecting monolayer cultures of Vero cells with an MOI of 0.1 PFU and evaluating fusion formation 36 h later. The fusion index was calculated as the ratio of the total number of nuclei divided by the number of cells in which these nuclei were observed, expressed relative to rBC or rGBT as 100%. For rBC derivatives bearing the envelope-associated protein genes of rGBT, the indices (relative to rBC, as 100%) were as follows: rBC-GBT(M), 83%; rBC-GBT(F), 412%; rBC-GBT(HN), 156%; rBC-GBT(FϩHN), 478%; rBC-GBT(MϩFϩHN), 614% (Fig.  4a) . The fusion index of rBC-GBT(MϩFϩHN) was 11% higher than that of rGBT (data not shown). These results indicated that transfer of the GBT F gene into the rBC backbone increased the fusogenicity of the chimeric virus and that this effect was greater when F was transferred together with its homologous M and HN genes. For rGBT derivatives bearing the envelope-associated protein genes of rBC, the indices (relative to rGBT, as 100%) were as follows: rGBT-BC(M), 98%; rGBT-BC(F), 17%; rGBT-BC(HN), 95%; rGBT-BC(FϩHN), 13%; rGBT-BC(MϩFϩHN), 10% (Fig.  4b) . This showed that transfer of the BC F gene into the rGBT backbone resulted in reduced fusogenicity, and this effect was greater when the F gene was transferred with the homologous M and HN genes. These results indicated that the fusogenicity of NDV is determined primarily by the F gene but also is influenced by M and HN.
Evaluation of the pathogenicity of parental and chimeric viruses by ICPI assay. The pathogenicity of the chimeric viruses was assessed by a standard ICPI test in 1-day-old chicks. The respective ICPI values of parental rBC and rGBT in two separate assays were as follows: rBC, 1.61 (Table 3 ) and 1.58 (Table 4) ; rGBT, 1.91 in both assays (Tables 3 and 4) . These values are consistent with the (e and f) rBC-based chimeras in which the polymerase-associated N, P, and L protein genes and the trailer (Tr) were replaced by their counterparts from rGBT individually (e) or in combination (f). (g and h) rGBT-based chimeras in which N, P, L, and Tr were replaced by their counterparts from rBC individually (g) or in combination. Briefly, DF-1 cells were infected at a multiplicity of infection of 0.01, supernatant samples were collected at 8-h intervals until 64 h postinfection, and virus titers were determined by TCID 50 limiting dilution assay and calculated using the method of Reed and Muench (24) . Each time the supernatant was collected, an equal volume of maintenance medium was replaced. Asterisks indicate test of significance of the virus titer of a chimeric virus compared to the parental virus of that group at 24 h; P values were calculated based on a two-tailed, unpaired t test (95% confidence levels). ‫,ءءء‬ P ϭ 0.0001 to 0.001, extremely significant; ‫,ءء‬ P ϭ 0.001 to 0.01, very significant; ‫,ء‬ P ϭ 0.01 to 0.05, significant. designations of rBC as mesogenic and rGBT as velogenic. For the rBC derivatives bearing the envelope-associated protein genes of rGBT, the ICPI values were as follows: rBC, 1.61; rBC-GBT(M), 1.58; rBC-GBT(F), 1.88; rBC-GBT(HN), 1.71; rBC-GBT(FϩHN), 1.8; rBC-GBT(MϩFϩHN), 1.82 (Table 3 ). This showed that transfer of the rGBT F protein into rBC had the greatest effect on increasing the ICPI value, with transfer of HN having a lesser effect. For the rGBT derivatives bearing the envelope-associated protein genes of rBC, the values were as follows: rGBT, 1.91; rGBT-BC(M), 1.85; rGBT-BC(F), 1.62; rGBT-BC(HN), 1.88; rGBT-BC(FϩHN), 1.78; rGBT-BC(MϩFϩHN), 1.75 (Table 3) . This showed that transfer of the rBC F protein into rGBT had the greatest effect on decreasing the ICPI value.
For rBC derivatives bearing the polymerase-associated protein genes of rGBT, the ICPI values were as follows: rBC, 1.58; rBC-GBT(N), 1.62; rBC-GBT(P), 1.6; rBC-GBT(L), 1.71; rBC-GBT (NϩPϩL), 1.75; rBC-GBT(Tr), 1.61 (Table 4 ; Tr indicates the trailer sequence). For rGBT derivatives bearing the polymerase proteins of rBC, the ICPI values were as follows: rGBT, 1.91; rGBT-BC(N), 1.88; rGBT-BC(P), 1.9; rGBT-BC(L), 1.83; rGBT-BC(NϩPϩL), 1.78; rGBT-BC(Tr), 1.9 (Table 4) . Thus, in both series, the ICPI value was affected by transfer of the L gene but not by the other individual components, and the effect of L was increased when transferred with N and P.
Replication and pathogenicity of parental and chimeric viruses in 2-week-old chickens. To further evaluate the pathogenicity of rBC and rGBT and their chimeric viruses, 2-week-old chickens in groups of 12 were infected with 1 ϫ 10 6 PFU of virus per bird via the oculonasal route, mimicking natural infection. At 3 dpi, two chickens from each group were sacrificed and tissue samples were collected from trachea, lung, spleen, intestine, and brain. Half of each tissue sample was homogenized for virus titration and the other half was processed for histopathology.
For the rBC derivatives bearing the envelope-associated protein genes of rGBT, the tissue titers were higher with rBC-GBT(F), rBC-GBT(FϩHN), and rBC-GBT(MϩFϩHN) than with other chimeric viruses (Fig. 5a ). For the rGBT derivatives bearing the envelope-associated protein genes, the virus titers were lower with rGBT-BC(F), rGBT-BC(FϩHN), and rGBT-BC(MϩFϩHN) than with other chimeric viruses (Fig. 5b) . Thus, in both the rBC and rGBT series, transfer of the F gene had a substantial effect on the magnitude of virus replication.
For the rBC derivatives bearing the polymerase-associated protein genes of rGBT, the tissue titers were higher for rBC-GBT(L) and rBC-GBT(NϩPϩL) than for the other chimeric viruses (Fig. 5c ). For the rGBT derivatives bearing the polymerase-associated protein genes of rBC, the virus titers were lower in rGBT-BC(L) and rGBT-BC(NϩPϩL) than for the other chimeric vi- 
a Increases and decreases in virulence relative to the respective parent are indicated as ϩ and -symbols, respectively. The scoring is for a descriptive comparison and was not intended to be quantitative. ND, not determined; Ø, no observable effect.
ruses (Fig. 5d ). This showed that, for both series, transfer of the L protein had the greatest effect on virus replication among the individual components, and this effect was greater when the L gene was cotransferred with the N and P genes. The remaining 10 chickens in each group were observed daily for clinical signs and mortality until day 14; the results for the envelope-associated protein genes are shown in Fig. 6 , and the results for the polymerase-associated proteins are shown in Fig. 7 . The pathogenicity of the two parental viruses differed greatly, consistent with their respective pathotypes. Specifically, the birds infected with rBC developed mild illness ( Fig. 6a and 7a ) and all survived ( Fig. 6b and 7b) , whereas the birds infected with rGBT developed severe illness by day 3 to 5 ( Fig. 6c and 7c ) and all died by day 5 ( Fig. 6d and 7d) .
For rBC derivatives bearing the envelope-associated protein genes of rGBT, chimeras bearing the rGBT F, FϩHN, or MϩFϩHN genes caused greater clinical scores than the rBC parent, whereas chimeras bearing the rGBT M or HN genes caused lower clinical scores than the rBC parent (Fig. 6a) . rBC-GBT(FϩHN) was the most virulent chimera, reaching a maximum score of 4.0 by 6 dpi, followed by rBC-GBT(F), which reached a maximum clinical score of 4.0 by 9 dpi. Unexpectedly, the clinical scores for rBC-GBT(MϩFϩHN) were less than those of rBC-GBT(F) and rBC-GBT(FϩHN), which may indicate an element of incompatibility for this particular combination. The mortality pattern (Fig. 6b ) mirrored the clinical disease pattern (Fig. 6a) . Thus, these findings indicate that transfer of the rGBT F protein into rBC resulted in a substantial increase in virulence, although this was influenced by the M and HN proteins.
For rGBT derivatives bearing the envelope-associated genes of rBC, transfer of the rBC F or FϩHN genes resulted in substantial reductions in clinical score compared to parental rGBT (Fig. 6c) . Unexpectedly, the further inclusion of the rBC M gene, creating rGBT-BC(MϩFϩHN), largely reversed the attenuating effect of the rBC F gene, such that maximal clinical scores were reached by day 6 (Fig. 6c) and all of the birds died by that day (Fig. 6d) . Thsese findings indicated that certain combinations of genes can have unexpected synergies. Transfer of rBC M or HN individually to 
FIG 4
Comparison of the fusion indices of parental rBC and rGBT and their chimeric derivatives involving the envelope-associated protein genes. Vero cells were infected with each virus at an MOI of 0.1, fixed at 36 h postinfection, and stained with hematoxylin-eosin. The fusion index was calculated as the ratio of the total number of nuclei to the total number of nuclei in the field, normalized to the respective parental virus, as 100. Data represent the means of the results from three independent experiments. Asterisks indicate test of significance of the fusion index of a chimeric virus compared to the parental virus of that group; P values were calculated based on a two-tailed, unpaired t test (95% confidence levels). ‫,ءءء‬ P ϭ 0.0001 to 0.001, extremely significant; ‫,ءء‬ P ϭ 0.001 to 0.01, very significant; ‫,ء‬ P ϭ 0.01 to 0.05, significant. rGBT had little or no effect on its high level of virulence, indicating that these rBC genes were compatible with the rGBT backbone but apparently were not determinants of virulence. The mortality pattern (Fig. 6d) resembled the clinical score pattern (Fig. 6c) . These results reinforced our observation that the F gene plays a major role in the pathogenicity of NDV.
For rBC derivatives bearing the polymerase-associated protein genes of rGBT, transfer of rGBT L alone or in the combination NϩPϩL resulted in increased clinical disease, whereas the other individual rGBT components (N, P, and Tr) resulted in marginally reduced scores. rBC-GBT(L) was the most virulent of these chimeras, reaching a maximum clinical score of 2.9 in 12 days (Fig. 7a) . rBC-GBT(NϩPϩL) was the next most virulent, with a clinical score of 1.9 on day 12. These findings support the idea that L makes the biggest contribution to virulence among the polymerase-associated proteins, although it was paradoxical that the further addition of rGBT N and P resulted in a somewhat lower clinical score. These findings may reflect some incompatibility of the combination of rGBT N, P, and L with the rBC backbone. The survival curves (Fig. 7b) reflected the clinical scores (Fig. 7a) .
For rGBT derivatives bearing the polymerase-associated protein genes of rBC, transfer of rBC L alone or in the combination NϩPϩL resulted in a reduction in clinical disease scores compared to the rGBT parent (Fig. 7c) . The combination of rBC NϩPϩL had the greatest attenuating effect, which may might indicate an additive contribution to attenuation but also could be an indication of some incompatibility of this combination with the rGBT backbone. The transfer of rGBT P alone had a marginal attenuating effect, while transfer of N or Tr alone had no effect. The survival curves (Fig. 7d) reflected the clinical scoring (Fig. 7c) .
Histopathological examination of tissue samples from 2-week-old chickens infected with parental and chimeric viruses. Tissue samples from the trachea, lungs, spleen, intestine, and brains of two birds from each group infected with parental rBC and rGBT and their chimeric viruses were collected on day 3 postinfection for histopathological examination. Representative specimens for certain tissues are shown in Fig. 8 and 9 , and summaries of histopathologic lesions and scores are provided in Tables 5 and 6 . Overall, lesions in the tissue sections from the infected chickens were subacute in nature and exhibited considerable variability in severity and distribution within samples. For this reason, the histopathology provided a qualitative rather than quantitative picture of disease associated with the various viruses.
In the trachea, parental rBC showed mild, multifocal, mucosal attenuation with reduction in density of mucous glands, whereas parental rGBT caused moderate, multifocal, lymphocytic tracheitis with inflammatory cells present in the lamina propria (Fig. 8a) . The tracheal sections of the rBC-GBT(F) group exhibited general similarities to the rGBT group (Fig. 8a) . Also, rBC-GBT(FϩHN) and rBC-GBT(MϩFϩHN) caused multifocal lymphocytic tracheitis with inflammatory cells present in the lamina propria, indicative of increased virulence compared to the rBC parent (Fig.  8b) . In contrast, the rGBT-BC(F) group showed minimal, multifocal, lymphocytic tracheitis and also exhibited minimal mucosal attenuation with decreased mucous glands ( Fig. 8a and Table 5 ). rBC-GBT(M) and rBC-GBT(HN) similarly caused mild, multifocal tracheitis. Thus, the presence of the F protein of rBC or rGBT was associated with mild or moderate disease, respectively, consistent with the importance of F in virulence.
For the chimeras involving the polymerase-associated protein genes, tracheal lesions of the rBC-GBT(N) and rBC-GBT(P) groups were similar to those of the rBC group and did not exhibit increased virulence. In contrast, rBC-GBT(L) showed increased pathology with a focal, dense submucosal aggregate of lymphocytes and fewer macrophages that expanded the submucosa and extended beyond the tracheal cartilage into the tracheal interstitium (Fig. 9) . rBC-GBT(NϩPϩL) showed multifocal, mucosal attenuation with reduction in the mucous glands. There were multiple individually apoptotic cells in the mucosa and perivascular and submucosal infiltrates of lymphocytes (Fig. 9) . Thus, transfer of rGBT L or NϩPϩL (but not N or P individually) to the rBC group resulted in increased virulence. Conversely, rGBT-BC(N) and rGBT-BC(P) caused lesions of severe tracheal inflammation, similar to parental rGBT, whereas this was substantially reduced for rGBT-BC(L) and rGBT-BC(NϩPϩL) (Fig. 9 and Table 6). In the lungs, rBC, rBC-GBT(M), rBC-GBT(F), and rBC-GBT(HN) caused mild, lymphocytic parabronchitis with inflammatory cells infiltrating the parabronchial interstitium, and mild multifocal epithelial hyperplasia primarily affecting the parabronchi atria (Fig. 8a and Table 5 ). In the rBC-GBT(FϩHN) group, in addition to inflammatory lesions, there was a focally extensive area of parabronchial epithelial hyperplasia with distended atria that contained small amounts of proteinaceous material (Fig. 8b) . In the rBC-GBT(MϩFϩHN) group, in addition to signs of inflammation, there was an extensive lymphocytic bronchitis with extension of inflammatory cells from the lamina propria into the submucosa and around the bronchus (Fig. 8b) . Among the rGBT derivatives, rGBT, rGBT-BC(M), rGBT-BC(F), rGBT-BC(HN), rGBT-BC(FϩHN), and rGBT-BC(MϩFϩHN) caused multifocal lymphocytic parabronchitis with inflammatory cells infiltrating the parabronchial and perivascular interstitium (Fig. 8a and b and Table 5 ). And, also, there was epithelial hyperplasia that affected atria of parabronchi and the bronchia-atria junction. There were no significant differences noticed among the lung tissue sections in the rGBT chimeric viruses groups, and hence the differences that were observed in the various other virulence assays were not always reflected in the histopathologic findings.
In the brain, rBC, rBC-GBT(M), and rBC-GBT(HN) caused minimal, focal lymphoplasmacytic perivascular meningitis ( Fig.  8a and Table 5 ). rBC-GBT(F), rBC-GBT(FϩHN), and rBC-GBT(MϩFϩHN) caused focal infiltrates of lymphoid cells in the interstitium of the choroid plexus in addition to increased lymphoplasmacytes in areas of perivascular meningitis ( Fig. 8a and b) . In general the rGBT chimeric virus group exhibited multifocal areas of perivascular lymphoplasmacytic meningitis. Meningitis and encephalitis lesions were greater among the rGBT derivatives. The rGBT-BC(F) group showed a relative reduction in lymphoplasmacytes in perivascular meningitis compared to the rGBT group (Fig. 8a) .
For the brain specimens for the polymerase protein gene chimeras, rBC-GBT(N) and rBC-GBT(P) resembled the rBC parent in causing minimal, focal, lymphoplasmacytic perivascular meningitis (Tables 5 and 6 ). In contrast, the rBC-GBT(L) group showed aggregates of lymphoid cells in the choroid plexus that were interpreted to represent migration to the pineal gland. rBC-GBT(NϩPϩL) showed numerous vessels in the meninges and brainstem that exhibited moderate, dense, perivascular aggregates of lymphocyptes and fewer plasma cells, indicating an increase in severity of meningitis compared to rBC. There were no appreciable changes in the rGBT-BC(N), rGBT-BC(P), and rGBT-BC(L) Asterisks indicate test of significance of the tissue-specific virus titer of a chimeric virus compared to the parental virus of that group; P values were calculated based on a two-tailed, unpaired t test (95% confidence levels). ‫,ءءء‬ P ϭ 0.0001 to 0.001, extremely significant; ‫,ءء‬ P ϭ 0.001 to 0.01, very significant; ‫,ء‬ P ϭ 0.01 to 0.05, significant. groups compared to the rGBT group, but the rGBT-BC(NϩPϩL) group showed reduced meningitis and encephalitis.
DISCUSSION
In this study we chose two viruses, BC and GBT, which differ substantially in virulence but are a genetically closely related pair. Specifically, both viruses are of chicken origin from the United States from the late 1940s, belong to genotype II of class II, have the same genome length, have a high degree of nucleotide and amino acid sequence identity, and have an identical F protein cleavage site sequence (RRQKR2F). Using reverse genetics, we swapped each NDV gene alone and in a number of combinations in order to investigate the NDV genes responsible for the difference in virulence between rBC and rGBT. The chimeric viruses were examined for their virulence in chickens in six different assays: (i) in vitro replication kinetics and magnitude; (ii) plaque size; (iii) fusion index (this was performed only for chimeras involving the membrane-associated protein genes); (iv) ICPI; (v) magnitude of replication in five different tissues in 2-week-old chickens; (vi) clinical scores and mortality in 2-week-old chickens. The velogenic rGBT parent had higher scores in all of these assays compared to the mesogenic rBC parent, indicating that all of these parameters are measures of virulence, at least for these viruses. In addition, we evaluated tissue histopathology, which provided direct visualization of viral pathogenesis but proved to be too variable within groups for clear quantification. We found that the three in vivo assays, namely, the ICPI assay, replication in 2-weekchickens, and clinical scores and mortality in 2-week-old chickens, were the most relevant with regard to predicted virulence in nature.
When the envelope-associated proteins of rGBT were transferred into the rBC backbone, the individual transfer of the F protein caused chimeric rBC to score substantially higher in each of the six virulence assays. Transfer of rGBT HN alone gave marginal increases in several assays, namely, plaque size, fusion, and ICPI, but transfer of rGBT M alone did not give increases in any assay. Thus, among the individual envelope-associated protein genes, F had the greatest impact on virulence. The combinations of FϩHN and MϩFϩHN usually gave a similar, and sometimes greater, increase than did F alone. For example, the plaque size and fusion index were greatest for MϩFϩHN. This suggests that the combination of MϩFϩHN is optimal for fusion activity. On the other hand, the combination of MϩFϩHN scored somewhat lower than F or FϩHN with regard to replication under liquid overlay, replication in birds, and clinical scores and mortality in birds. It may be that the increased fusion achieved by transfer of rGBT(MϩFϩHN) into rBC was somewhat detrimental for rBC replication, perhaps leading to enhanced cytopathogenicity that could reduce virus yield. The idea that a high level of fusion might be detrimental is suggested by the observation that a number of paramyxoviruses have evolved mechanisms for downregulating expression of the F gene (27) . Alternatively, it may be that the combination of rGBT MϩFϩHN was somewhat incompatible with the rBC backbone and that this effect was more evident in assays requiring extensive replication. In summary, these results showed that the rGBT F protein plays the major role among the envelope-associated NDV proteins in the greater virulence of strain GBT compared to that of BC and that M and HN can sometimes modulate that role.
Conversely, when the envelope-associated protein genes of rBC were transferred into the rGBT backbone, the individual transfer of the F gene caused chimeric rGBT to score substantially lower in most of the virulence assays (the one exception was the plaque size assay; see below), whereas the individual transfer of rGBT M or HN had little effect in most cases. Thus, among the individual envelope-associated protein genes, transfer of the rBC F gene into rGBT had the greatest effect on virulence (in this case, decreasing the virulence of the velogenic backbone). This provided reciprocal confirmation of the findings with the rBC derivatives described above. Interestingly, the dramatic difference in virulence afforded by the rBC F protein versus the rGBT F protein is independent of the cleavage site sequence, since this is identical in the two strains. Introduction of the combination of rBC FϩHN or MϩFϩHN into rGBT also yielded a substantial decrease in virulence in most of the assays, consistent with the importance of F. However, two findings were unexpected. First, in the plaque size assay, it was the rBC M gene rather than the F gene that gave the greatest reduction in size, and the rBC HN gene gave an increase in size. However, the combination of rBC FϩHN or MϩFϩHN was each more consistent with expectations and yielded substantial decreases in plaque sizes. The second unexpected finding was that, whereas transfer of rBC F or FϩHN into rGBT yielded substantial decreases in virulence, the further addition of rBC M largely restored virulence. This gain of function remains unexplained but presumably is due to interactions specific to this particular gene constellation. That unexpected synergies can occur perhaps is not unexpected, given how few amino acid differences there are between the proteins of the two strains.
As noted in the introduction, the cleavage site of the F protein was already known to be a major determinant of NDV virulence in general. However, in the present study, the cleavage site sequence was identical between rBC and rGBT and was left unchanged. Thus, the finding in the present study that the F protein was the major determinant of the difference in virulence between rBC and rGBT was somewhat surprising, because it indicated that other aspects of the F protein beyond the cleavage site contribute to virulence, and that contribution is substantial. The basis for the differences in phenotype between the F proteins of rBC and rGBT remains unknown, although it seems likely that it includes structural differences that may facilitate fusion in rGBT compared to rBC, such as by promoting the conformational rearrangements involved in fusion. The F proteins of these two strains are highly related, differing by only 8 amino acid assignments. The regions of the F protein in which these amino acid assignment differences occur between strains BC and GBT are the following: the F2 region (P10S and V11A), the F1 ectodomain region (G265S, G304E, and I457T), the transmembrane region (I510T and V520A), and the cytoplasmic tail (T550A) (28) . The 3 amino acid assignment differences that occur in the F1 ectodomain region did not fall in the heptad repeat (HR) domains, HR1 and HR2. Thus, the importance of these differences between the two F proteins should be readily amenable to investigation by reverse genetics.
The finding in the present study that the F protein was the major determinant of NDV virulence is not in agreement with the results of a previous study in which the F gene did not appear to play a prominent role in NDV virulence (18) . However, that study was performed by exchanging F genes between a pigeon paramyxovirus and a virulent NDV strain. Therefore, the results might have been confounded by incompatibility between NDV and the pigeon paramyxovirus. Another previous study indicated an important role for the HN protein in virulence (29, 30) , whereas our present results showed that HN either does not play any role or has a minimal role in determining NDV virulence. Our results also contradict the results of a previous study in which F and HN together were found to determine the virulence of NDV (20) . However, the previous study involved chimeras between NDV and APMV-2 and thus involved chimeras between two different serotypes of avian paramyxoviruses. In particular, chimeras involving swaps of HN could not be recovered, probably due to an absence of homotypic interactions due to divergence between the serotypes. Therefore, the individual contribution of HN to virulence could not be determined (20) . To avoid these confounding factors, we performed the present study with a closely matched pair of viruses and employed reverse genetic systems that allowed for precise reciprocal swaps.
We also sought to determine the relative contributions of the polymerase-associated proteins to NDV virulence. There is precedence for polymerase-associated proteins of paramyxoviruses to be involved in pathogenicity (19, 23) . We exchanged the N, P, and L genes individually and in combination between the rBC and rGBT viruses. When the polymerase-associated protein genes of rGBT were transferred into the rBC backbone, the individual transfer of the L gene usually resulted in a substantial increase in virulence, and the combined transfer of NϩPϩL gave a substantially increased response in all of the assays. Conversely, transfer of rBC L or NϩPϩL into rGBT resulted in decreased virulence in all of the assays, and this usually was greater for NϩPϩL than for L alone. In contrast, there was no significant change in pathogenicity of chimeric viruses compared to their parental viruses when the N or the P gene was exchanged between BC and GBT viruses. These results indicated that, among the polymerase-associated proteins, the L protein contributes the most to viral virulence and that this can be enhanced by the presence of homotypic N, P, and L proteins.
The finding that the L protein of NDV is an important determinant of virulence is in agreement with the results of a previous study in which the L protein was found to be the only determinant among polymerase-associated proteins that contributed to viru- after swapping of the envelope-associated protein genes. Birds were sacrificed at 3 dpi, and tissue was fixed with formalin, sectioned, and stained with hematoxylin and eosin. (a, trachea) The rGBT parent caused severe inflammation of the tracheal mucosa (black arrows), which also was observed with rBC-GBT(F), whereas the rBC parent and rGBT-BC(F) caused attenuation of the tracheal epithelium (red arrows) with minimal inflammation. (a, lungs) There was no significant difference observed among rBC and rGBT and their F gene swap constructs. (a, brain) Strain GBT caused substantial lymphoplasmacytic infiltration in the meninges (black arrows), which also was observed with rBC-GBT(F), whereas rBC and rGBT-BC(F) were associated with reduced lymphoplasmacytic infiltration (red arrows). (b, trachea) rBC-GBT(FϩHN) caused severe inflammation of the tracheal mucosa (black arrow) and submucosa (double black arrows) compared to mucosal attenuation in the rBC-GBT(HN), rBC-GBT(MϩFϩHN), and rGBT-BC(MϩFϩHN) groups (red arrows) but the rGBT-BC(FϩHN) group showed moderate mucosal inflammation. (b, lungs) rBC-GBT(FϩHN) caused hyperplasia of the parabronchi (black arrows), and rBC-GBT(MϩFϩHN) caused severe parabronchial inflammation (red arrows), whereas this was minimal with rBC-GBT(HN), rGBT-BC(FϩHN), and rGBT-BC(MϩFϩHN). In these images it is evident that when GBT F was exchanged with that of BC, this increased the virulence of BC alone or in combination with GBT HN. In contrast, when BC F was exchanged with that of GBT it reduced the virulence of GBT.
lence (23) . But our results differed from the finding of another study which showed that all three replication proteins (N, P, and L) were associated with virulence (19) . An explanation for this difference might be that, in that study, one of the virus strains was from pigeons and the other strain was from chickens and those two strains belonged to different lineages and genotypes, and thus the apparent attenuation observed with gene swaps might have included effects from gene incompatibility. In contrast, the strains used in the present study were genetically closely related and amenable to gene swapping.
The molecular mechanism for increased virulence caused by the L protein of GBT in a BC backbone is not known. It may be that the L protein of GBT virus directs increased RNA synthesis, leading to higher levels of virus replication in vitro and in vivo. A higher level of virus replication in vivo can increase virulence by overwhelming the host immune responses. A previous study showed that avirulent NDV strains had reduced levels of RNA synthesis (31) . Therefore, it will be interesting to compare the RNA synthesis activities of the L proteins of BC and GBT viruses. Between the L proteins of BC and GBT, 14 amino acid assignment differences occur, and they include A75T, V89I, D265N, R698C, N889K, Y1379F, N1531D, S1643N, K1668R, L1706F, P1734L, A1758S, I1785M, and V2067I (28). These differences are distributed throughout the multidomain L protein. The role of these amino acid residues in L protein function can be determined by site-directed mutagenesis using reverse genetics.
It was somewhat surprising that transfer of the P gene did not result in substantial changes in virulence. In addition to encoding the P protein, which is part of the polymerase complex, the NDV P gene also encodes a V protein and possibly a W protein (2) . Studies with a number of members of this subfamily have shown that the V protein interferes with the induction of host cell type I interferon and with signaling from the type I interferon receptor. V also may have other functions, such as blocking apoptosis, whereas the significance of W remains unknown. Loss of expression of the V protein is highly attenuating in vitro and in vivo, indicating that it plays an important role in NDV virulence. However, the results of the present study indicate that the V protein does not contribute significantly to the difference in virulence between strains rBC and rGBT.
Previously, the relative contributions of the envelope-associated proteins versus the polymerase-associated proteins to NDV
FIG 9
Histopathology of sections of trachea and brain of 2-week-old chickens infected oculonasally with parental and chimeras of NDV strains BC and GBT, involving swaps of the polymerase-associated protein genes. (Trachea) Severe inflammation in the tracheal mucosa (black arrows) and submucosa (double black arrows) was observed with parental rGBT, rBC-GBT(L), and rBC-GBT(NϩPϩL), whereas inflammation was reduced (red arrows) with rBC, rGBT-BC(L), and rBC-GBT(NϩPϩL). (Brain) Severe inflammation and marked perivascular aggregates of lymphocytes and fewer plasma cells were observed in meninges in response to rGBT and rBC-GBT(NϩPϩL) (black arrows), whereas inflammation and lesions were reduced with rBC and rGBT-BC(NϩPϩL) (red arrows). The trachea and the brain lesions indicate that rGBT L alone or together with N and P increased the virulence of rBC, and the converse swap increased the virulence of rBC. ϩ, present; Ϫ, absent. *, the lesion was not present in all specimens.
virulence had not been compared side by side. Several reverse genetic studies addressed the contributions of either the envelopeassociated proteins (12-15, 18, 20-22) or the polymerase-associated proteins (19) (20) (21) (22) (23) , but not both groups of proteins in the same study. The present study was designed to compare the relative contributions of these groups of proteins to NDV virulence. The results of the present study showed that both envelope-associated and polymerase-associated proteins contribute to the overall virulence of NDV, but the contributions of envelope-associated proteins are substantially more than those of the polymerase-associated proteins. For example, transferring the rGBT F or F and HN genes into rBC was sufficient to change the percent survival from 100% for rBC to 0% for rBC-GBT(F) and rBE-GBT (FϩHN) . Conversely, the transfer of the rBC F or F and HN genes to rGBT changed the percent survival from 0% to 100% and 75%, respectively. In contrast, the maximum effects observed with transfer of the polymerase-associated proteins were not as high. For example, the transfer of the rGBT L or N, P, and L genes into rBC changed the percent survival from 100% to 75%, and the converse transfer of rBC L or the N, P, and L genes into rGBT changed the percent survival from 0% to 0% (with death delayed by 3 days) and 40%, respectively. The genomic RNA of NDV contains a 55-nt 3= extragenic leader region and a 114-nt 5= extragenic trailer region. The leader and trailer are control regions essential not only for transcription and replication but also encapsidation of newly synthesized RNAs into nucleocapsids. However, the roles of these regions in pathogenesis of NDV have never been investigated. The leader region is identical between BC and GBT, and therefore it was not exchanged in this study. But there are 5 nt differences between the trailer region of BC and GBT. Hence, the extragenic trailer region was exchanged between BC and GBT. However, for the most part, we did not detect any noticeable change in the pathogenicity of BC or GBT chimeric viruses compared to their parental viruses due to swapping the trailer region, suggesting that it does not play a significant role in virulence.
In summary, we have shown that the variation in virulence of NDV is contributed by multiple viral proteins. Among all NDV viral proteins, the F protein, independent of the cleavage site, is the major contributor to virulence. The L protein also contributes to the overall virulence of NDV. Although the other viral proteins usually did not make substantial contributions to virulence, they did affect the overall virulence of the virus. Further studies are needed to identify the specific amino acids or the domains in the F and L proteins that are responsible for the virulence. The identification of virulence determinants is of considerable importance because of the potential to generate better live attenuated NDV vaccines. It may also be possible to apply these findings to other paramyxoviruses.
